Hippo signaling pathway is an evolutionarily conserved pathway that controls organ size by regulating cell proliferation, apoptosis and stem cell self-renewal. TAZ (transcriptional coactivator with the PDZbinding motif) is a key downstream effector of the mammalian Hippo pathway. Here, using a transgenic mouse model with mammary-gland-specific expression of constitutively active TAZ, we found that TAZ induction in mammary epithelial cells was associated with an increase in mammary glandular size, which probably resulted from adipocyte hypertrophy. Consistent with its known oncogenic potential, we observed tumor formation in TAZ transgenic mice after administration of the carcinogen 7,12-dimethylbenzanthracene (DMBA) and demonstrated that tumorigenesis was reliant on the presence of TAZ. Our findings establish a previously unknown roles of TAZ in regulating both mammary gland morphogenesis as well as carcinogen-induced mammary tumor formation.
SCiEntifiC REPORTS | (2018) 8:6449 | DOI:10.1038/s41598-018-24712- 5 Taz, has been studied in the mouse mammary gland development 16 . For example, it has been reported that Sav1 and Yap are dispensable in virgin mammary gland development but required specifically during pregnancy, while loss of Sav1 and Yap affect the mammary cell differentiation and survival 17 . Also, Taz-deficient mouse mammary glands are normal in pubescent virgin (5 to 8 weeks old), but the number and complexity of mammary gland branches are reduced in the post-pubertal virgin (16 weeks old) stage 18 . Surprisingly, there has been no study on the effect of Hippo pathway components and how it controls other key features of mammary gland biology such as, organ size and malignant transformation.
We addressed this gap in knowledge by developing a transgenic mouse model with mammary-gland specific TAZ activation. We found that over-expression of TAZ in mammary epithelial cells induced advanced mammary gland development in the early puberty stage. In addition, activation of TAZ enlarged mammary gland size by increasing the fat mass. Lastly, TAZ activation induced massive tumor formation in response to carcinogen (DMBA) treatment. Collectively, our study demonstrates an important role of TAZ in mammary gland development and more intriguingly, an unexpected effect on mammary adipose tissue.
Results

TAZ expression in mammary epithelial cells advances mammary gland development. Both
YAP and TAZ have been shown to be involved in breast cancer stem cell regulation [19] [20] [21] [22] as well as drug resistance in breast cancer (BC) 23, 24 . To detect the effect of TAZ activation on mammary gland development, we first developed an inducible transgenic mouse model with an overexpression of a constitutively active form of human TAZ (TAZ 4SA : S66, S89, S117 and S311 substituted with alanine) 25, 26 under the control of a tetracycline response element (TRE) (Clontech) ( Figure S1A ). The Tet-ON and-OFF systems are one of the most powerful tools for regulated transgene expression in vivo 27, 28 . To confirm TAZ expression in response to doxycycline (dox), we established a TRE-TAZ 4SA transgenic mouse embryonic fibroblasts (MEF) cell line, and retrovirally transduced them with the pCMV-Tet3G vector. We found that TAZ was highly expressed in response to the dox induction (Data not shown). Next, to generate the mammary gland-specific TAZ 4SA expressing mice, we crossed our TRE-TAZ 4SA mice with the MMTV-rtTA mice purchased from the Jackson Laboratory 29 . To validate TAZ induction in the mammary gland in response to dox, we performed immunoblot analysis as well as immunohistochemical (IHC) staining using mammary glands harvested from the MMTV-rtTA/TRE-TAZ 4SA bi-transgenic mice fed with the dox-containing or control chow. These analyses showed that TAZ was indeed highly induced by dox ( Figure S1B  & Fig. 1C ).
The mammary gland undergoes most of its development after birth, under the influence of female reproductive hormones 30 . During embryogenesis, a rudimentary ductal system develops that grows isometrically with the rest of the body in the first weeks of life. At the onset of puberty, when the ovaries start to secrete estrogen, the ducts extend from the nipple area into the mammary fat pad. The tips of the ducts enlarge to form club-shaped structures called terminal end buds (TEBs), which contain highly proliferative cells and mammary stem cells 31, 32 . To our great interest, the advanced branching complexity of TEBs was markedly elongated in TAZ mice in the presence of dox. Notably, these structures extended and invaded to a greater degree into the mammary fat pad in contrast to control TEBs at 4 weeks ( Fig. 1A) . TAZ transgenic mice also developed more secondary or tertiary mammary gland branches as well as increased branch point numbers compared to the control mice ( Fig. 1A-B ). To examine whether TAZ activation altered the proliferation of mammary epithelial cells, we performed IHC and observed strong staining of Ki67 in the TAZ mice compared to control (Fig. 1C ). Previously, we have demonstrated that activation of TAZ increases the expression of amphiregulin (AREG), a ligand of the epidermal growth factor receptor (EGFR), in human mammary epithelial MCF10A cells 33 . Consistent with this observation, here we found prominent Areg expression as well as the AKT and ERK activation in the TAZ mice ( Fig. 1D -E). In summary, our data revealed that activation of TAZ drove advanced mammary gland development at a pre-pubertal stage and that there was also a concurrent activation of the AKT and ERK pathway.
Tissue-specific induction of TAZ increased mammary gland size and weight. Intriguingly, we observed increased size and weight of the mammary glands in the TAZ mice as compared to the control at eight weeks ( Fig. 2A ). The mammary gland ductal trees occupied the entire enlarged gland with increased gland area and branch length of the mammary ductal trees (Fig. 2B ). Furthermore, strong activation of AKT and ERK signaling has also been observed in TAZ mice at this developmental stage ( Figure S1C ). In addition, we observed the continuously enlarging mammary glands in the TAZ mice up to 20 weeks ( Fig. 2C ). Taken together, overexpression of TAZ in mammary epithelial cells increased mammary gland size in pubescent and post-pubertal virgin mice.
Constitutively active TAZ results in mammary gland adipocyte hypertrophy. Adipose tissue plays a critical role in homeostasis across all states in mammals, including during mammary gland development 34 . Expanding the fat mass requires either increased adipocyte size (hypertrophy) or increased adipocyte number (hyperplasia) 35 . To determine whether TAZ induced enlargement of the mammary gland through adipocyte hypertrophy or hyperplasia, we analyzed both size and number at eight weeks. We found increased mammary gland adipocyte size but not cell number in the TAZ mice ( Fig. 3A,B) , indicating that the transgenic TAZ overexpression in mammary epithelial cells induced mammary adipocyte hypertrophy. Such hypertrophy could result from either increased abnormal lipid synthesis (lipogenesis) or decreased lipid release (lipolysis). To begin evaluation of the underlying mechanism(s), we measured the circulating triglyceride concentration in response to intralipid injection at different time points after short-term animal fasting. No significant difference was observed in the circulating triglyceride levels between WT and TAZ mice ( Fig. 3C ). To further determine whether there was any difference in lipolysis, we isolated mammary glands from either WT or TAZ mice and performed ex vivo lipolysis analysis. Notably, we detected a dramatic reduction of lipolysis in the TAZ mammary gland (Fig. 3D) , indicating that the enlarged TAZ mammary gland may result from decrease in mammary SCiEntifiC REPORTS | (2018) 8:6449 | DOI:10.1038/s41598-018-24712-5 gland adipocyte lipolysis. Adipose triglyceride lipase (ATGL), hormone-sensitive lipase (HSL) and monoacylglycerol lipase (MGL) are the main enzymes catalyzing lipolysis in the white adipose tissue (WAT) 36, 37 . To detect whether the expression of these enzymes was changed in TAZ mice, we harvested mammary glands from WT or TAZ mice and performed qRT-PCR and immunoblot. We did not detect significant mRNA alterations of these enzymes ( Fig. 3E ), but observed a modest reduction of ATGL protein level in TAZ mice ( Fig. 3F) . No difference in HSL protein levels was detected ( Fig. 3F ). Our results suggest that TAZ activation leads to reduction of mammary gland adipocyte lipolysis in part through down-regulation of ATGL proteins.
TAZ enhances tumor formation in response to carcinogen (DMBA) treatment. Although overexpression of TAZ led to mammary gland enlargement, no tumor formation was observed in the TAZ transgenic mice monitored up to 64 weeks of age. Thus, to investigate the oncogenic potential of constitutively active Taz in mammary tumorigenesis, we treated wild-type or TAZ transgenic mice with the carcinogen 7,12-dimethylbenz(a) anthracene (DMBA). Strikingly, mammary tumors were then observed in 50% (n = 12) of the TAZ mice as compared to 0% (n = 9) of the control group after eight weeks of the carcinogen treatment ( Fig. 4A-B ). Further histological analysis revealed that the majority of induced mammary tumors were moderately differentiated adenosquamous carcinoma ( Fig. 4C-D) . Immunohistochemical staining of Ki67 showed these tumors to be hyperproliferative (Fig. 4E) . Finally, to test whether the DMBA-induced tumor formation was dependent on TAZ expression, we isolated DMBA-induced tumor-derived isogenic cells and transduced them with the TAZ-4SA or control vector (Fig. 4F) . These cells were then subcutaneously injected into the severe combined immunodeficiency (SCID) mice. As summarized in Fig. 4G , we observed the formation of large tumors but only in animals that received TAZ-transduced cells (Fig. 4G) . Correspondingly, histological analysis revealed poorly differentiated malignant neoplasms with features of carcinosarcoma ( Fig. 4H) , with spindle cell morphology as well as areas of necrosis, high-grade nuclear atypia and frequent markedly enlarged, atypical nuclei. Together, the results demonstrate that TAZ overexpression enhanced mammary tumorigenesis in response to carcinogen treatment.
Discussion
The Hippo signaling pathway was initially identified in Drosophila and subsequently shown to be a conserved regulator of organ size, tissue regeneration and stem cell biology 1 . Liver-specific knockout of the Hippo pathway upstream proteins Mst1/2, WW45 or overexpression of YAP in transgenic mice leads to increased liver size and hepatocellular carcinomas [38] [39] [40] . In contrast, mammary gland-specific knockout Sav1 (WW45) or overexpression of YAP did not affect mammary gland development at the virgin stage, but instead caused defects in the terminal differentiation of secretory cells during lactation 17 . Both Chen and Skibinski et al. showed that mice with mammary-gland-specific deficiency of Yap or Taz still exhibited normal mammary glands at the pubescent virgin stage 17, 18 , but the number and complexity of mammary gland branches were reduced in post-pubertal virgin Taz mice 18 whereas Yap was indispensable for the mammary epithelial cell survival during pregnancy 17 . Both of these two reports indicated an essential role of Yap/Taz in the later stages of mammary gland development. On the other hand, our data demonstrate that TAZ activation also can accelerate mammary gland branching at the pre-pubertal stage of virgin mice, an effect which may partially result from the activation of PI3K and MAPK signaling. TAZ was initially identified as a 14-3-3 binding protein 41 . TAZ also interacts with the transcription factor RUNX2 and drives the development of the osteoblast lineage while coordinately repressing PPARγ-dependent gene transcription, which also identifies its importance in the adipocyte lineage commitment 42 . Recently, Matsumoto et al. reported the interplay between ABL and TAZ creates an amplification loop that stabilizes and activates a RUNX2-TAZ transcriptional complex needed to "lock in" mesenchymal development toward the osteoblast lineage 43 . Meanwhile, TAZ can promote adipogenesis through the inhibition of canonical Wnt signaling 44 . Last but not least, in Drosophila the loss of function of Hpo (MST1/2) or overexpression of Yki (YAP/TAZ) in fat bodies result in weight gain and greater fat storage 45 . Consistent with the aforementioned studies, we show here that TAZ increased fat storage in the mammary glands through a non-autonomous effect on lipolysis in the mammary gland adipocytes. Lipolysis is the process of hydrolyzing triacylglycerol (TG) to fatty acids (FAs) and glycerol via the sequential actions of ATGL, HSL and MGL 46 . Although the mRNA levels of these enzymes were not affected, TAZ overexpression slightly reduced ATGL but not HSL protein levels. The mechanism(s) of such changes are currently unclear and requires further investigation. Nonetheless, the small reduction of ATGL proteins can only partially explain the overall reduction of lipolysis rate. It is likely the activities of ATGL and HSL are also reduced in TAZ mice. Further analysis of ATGL and HSL modifications and enzymatic activities is required to understand dysfunction of lipolysis in TAZ mice. Insulin is a well-known key factor to inhibit lipolysis 47 . Of particular note, it has been reported that the insulin/IGF signaling (IIS) pathway and the Hpo/Yki signaling pathway are intricately interlinked in normal development as well as in cancer [48] [49] [50] . It will be very interesting to further investigate whether TAZ alters the mammary gland adipocyte lipolysis through the insulin/IGF signaling.
We did not detect mammary tumor formation in the TAZ transgenic mice. Overexpression of YAP alone is insufficient to drive oncogenic growth in the normal mammary epithelia 17 . It is thus suggested that YAP/TAZ-initiated mammary gland tumorigenesis may require cooperating genetic lesions. Indeed, the Yap-containing amplicon was initially identified in the Brca1/p53-deficient mice 24 and was also recently shown in the tumors generated from the luminal mammary epithelial cells with loss-of-function of p53 51 . Moreover, conditional knockout of YAP in the mammary gland increases the latency and reduces the growth of mammary tumors arising in the MMTV-PyMT mice 17 . We demonstrate here that the TAZ transgenic mice were susceptible to the DMBA carcinogen treatment. Many studies have revealed that the Hippo signaling is dysregulated in cancer 4, 52, 53 . Particularly in breast cancer, high YAP/TAZ activity has been correlated with cancer stemness, resistance to chemotherapy, high-grade histology, poor patient outcomes and metastasis 53 . Our study illustrates how the transgenic model we have developed can be used to understand mammary gland development and TAZ-driven tumorigenesis programs. More in-depth knowledge of TAZ and the Hippo signaling pathway is likely to inform future BC patient prognosis and therapy. Mammary gland whole-mount staining. Mammary glands #4 were removed and spread out on a slide.
Methods
The glands were allowed to air dry to the slide and then fixed overnight in Carnoy's fixative (75% EtOH + 25% acetic acid). Glands were then washed in 70% EtOH for 15 minutes and rinsed in dH2O for 5 minutes. They were stained in Alum Carmine at least overnight (until lymphoid tissue is stained). After staining, glands were washed for 15 minutes each in 70%, 95%, and 100% EtOH, and then in acetone for 1 hour. The glands were cleared in xylene overnight and cover-slipped with Permount.
Skeleton analysis of mammary gland branching. Analysis performed with the assistance of Natesh
Parashurama (SUNY-Buffalo) as previously described 54 . For each whole-mount image, to convert ductal structures to skeletons in ImageJ, ducts were outlined, filled, and the entire image was converted to a binary image. The image was then processed using the "Skeletonize" function and the final skeletonized image in each field of view was analyzed by the "Analyze Skeleton" tool. This image identifies all regions of interest (ROIs) and calculates several metrics, including area, number of junctions, number of junction voxels, number of branches, average branch length and slab voxels.
Ex vivo lipolysis assay in mammary gland adipose tissue. Mammary fat pads were surgically removed from 16-week-old MMTV-rtTA/TRE-TAZ 4SA or wild-type mice and washed with ice-cold PBS. Mammary Fat pads (n = 6) were pre-incubated for 1 h in 140 µl of DMEM (Life Technologies, MA) containing 2% fatty acid-free serum albumin (Sigma-Aldrich, MO). Subsequently, mammary fat pads were incubated in 250 ul of KRH buffer (125 mM NaCl, 5 mM KCl, 1.8 mM CaCl 2 , 2.6 mM MgSO 4 , 5 mM HEPES, pH 7.2) plus 2% fatty acid free BSA (Sigma-Aldrich, MO) for 2 h at 37 °C. Free glycerol content was quantified for each sample in the medium using the Free Glycerol Determination Kit (Sigma-Aldrich, MO). Glycerol release from each sample was normalized to the weight of each mammary fat pad. Lipid clearance Assay. Sixteen-week-old MMTV-rtTA/TRE-TAZ 4SA transgene or wild-type mice were fasted overnight. Twenty percent Intralipid was then injected into the mice by oral gavage. Blood samples were harvested at T = 0, 3 and 6 hours after injection. Serum triglycerides were measured by the Infinity reagent (Thermo Fisher Scientific, MA).
DMBA treatment. The carcinogen 7,12-dimethylbenz[a]anthracene (DMBA; Sigma-Aldrich, MO) was dissolved at 10 mg/kg in vegetable oil. Starting at 6 weeks of age, wild-type or MMTV-rtTA/TRE-TAZ 4SA transgenic mice were treated with DMBA by oral gavage once a week, for consecutive six weeks. Mice were checked for mammary tumors periodically and sacrificed after tumor discovery. araffinized and rehydrated by incubations in the following solutions for 5 minutes each: Xylene 3 times, 100% EtOH 3 times, 95% EtOH once, 70% EtOH once, 50% EtOH once, and ddH 2 O once. Antigen unmasking was carried out in 10 mM citrate buffer (pH 6) using the microwave heating method for 10 minutes. Slides were allowed to cool at room temperature for 20 minutes, then under running water for 10 minutes. Slides were incubated in 3% H 2 O 2 for 10 minutes, then washed under running water for 5 minutes. Slides were washed again by incubating in 1X TBST twice for 5 minutes. The tissue on each slide was circled using a hydrophobic pen (Vector Laboratories; CA) and blocked for 1 hour in 300 µl 1%BSA/PBS in a humidified chamber. Slides were then incubated in a humidified chamber overnight at 4 °C with 300ul of primary antibody in 1% BSA/PBS. On the following day, primary antibodies were removed and slides were washed in 1X TBST for 5 minutes, 3 times. Three drops of secondary antibody (Immpress HRP polymer reagents-Vector Laboratories, CA) were added to each slide and incubated for 1 hour at room temperature in a humidified chamber. Slides were washed in 1X TBST 3 times for 5 minutes. One hundred and fifty microliters DAB (Sigma) was added to each slide and incubated until section began to develop. Slides were immersed in water to stop reaction and washed in water twice for 5 minutes. Next, slides were counterstained in hematoxylin for 2.5 minutes and washed under running water for 5 minutes. Slides were dipped twice in acid/alcohol solution (75% EtOH + 25% HCl) and washed again under running water for 10 minutes. Slides were rehydrated by incubations in the following solutions for 5 minutes each: 50% EtOH once, 70% EtOH once, 95% EtOH once, 100% EtOH 3 times and Xylene 3 times. Permount was used to coverslip each slide. We used the following antibodies: anti-TAZ antibody (Sigma-Aldrich; MO); anti-Ki67 antibody (mouse preferred; IHC formulated; Cell Signaling Technology; MA).
Statistical analysis.
All statistical analysis of terminal end buds count, mammary gland weight, RT-PCR, circulating triglyceride release, glycerol release was performed with two-tailed Student's t-tests; data are expressed as mean ± SD.
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